We present images of the rapidly rotating (P rot = 0.431 d) M1.5Ve dwarf HK Aqr, from data obtained during 2002. Star-spots are found distributed at a range of latitudes during both observing seasons, but unlike other solar-type rapid rotators of higher mass, HK Aqr does not show a strong polar cap at either epoch. In addition to the surface brightness images, we make use of the four-night time-base over which the 2002 observations were made, in order to derive an estimate of the latitudinal dependent rotation on HK Aqr. We find that the equatorlap-pole time lies in the range −1449 to +448 d. Although very small, we are therefore unable to determine whether the degree of differential rotation is in the solar or anti-solar sense.
light-curve morphology (Young et al. 1990 ) was found not necessarily to be correct. It was shown that the light-curve shape derived from the spectroscopically derived surface images (showing only low-intermediate latitudes covered with star-spots) was consistent with previous light-curve variations.
In this paper we investigate evolution of the star-spot morphology of HK Aqr by presenting new images derived from spectroscopic data taken at two sites during 2001 and 2002 . We compare these results with previous images derived for this star and we investigate the amplitude of the latitude-dependent surface rotation.
O B S E RVAT I O N S A N D DATA R E D U C T I O N
The observations of HK Aqr were made during two seasons of observing in 2001 and 2002 using the Anglo-Australian Telescope (AAT) with the University College London Echelle Spectrograph (UCLES), and the Blanco 4-m Cerro Tolo Inter-American (CTIO) telescope. Observations at the AAT were taken on 2001 September 03 and 04 with the UCLES 31.6 g mm −1 grating and a slit width of 1.2 arcsec. A useful wavelength range of 4360-6904 Å was recorded on the 2K × 4K EEV2 CCD with 2× binning in the dispersion direction and 3× binning in the cross-dispersion direction. One night of observations was made at the Blanco 4-m telescope on 2001 September 07. The 31.61 g mm −1 echelle spectrograph is Cassegrain mounted and observations were made using a 1.2-arcsec slit width. The 2K × 2K TEK CCD at the Blanco 4-m telescope yielded a useful wavelength range of 4243-7292 Å and was binned by a factor of 2× in the cross-dispersion direction. We also observed HK Aqr at the Blanco 4-m telescope on 2002 July 30 and 31 and August 01 and 02 with a wavelength range of 4136-7214 Å, and a 1.2-arcsec slit width, as in 2001. A summary of the observations is given in Table 1 . C Pixel-to-pixel variations were removed using flat-field exposures taken with an internal tungsten reference lamp. The worst cosmic ray events were removed at the pre-extraction stage using the FIGARO routine BCLEAN. Scattered light was modelled by fitting polynomials of degree 7 to the sets of inter-order pixels at each X-position in each frame, and the spectra were optimally extracted (Horne 1986 ) using ECHOMOP, the echelle reduction package developed by Mills (1994) . We used thorium-argon arc-frames for wavelength calibration, which were extracted in conjunction with a target spectrum, and calibrated using this package. ECHOMOP propagates error information based on photon statistics and readout noise throughout the extraction process.
RAS

Removal of solar spectrum
The spectra were deconvolved using our implementation of the leastsquares procedure (Donati & Collier Cameron 1997; Barnes et al. 1998 ). The 2001 AAT data set was contaminated by solar spectrum due to passing low cloud and a nearby Moon (for 2001 September 03 and 04, the Moon phase varied from 0.99 to 0.96, with angular distances at 12:00 UT of 6.9
• and 17.7
• , respectively). The resulting deconvolved profiles contained a fractional solar component (Fig. 1) of α = 0.108 ± 0.076, with a total range of 0.001-0.338. Several spectra on the night of 2001 September 03 were discarded due to higher degrees of contamination and unsatisfactory removal of the solar spectrum. This process is described in Donati et al. (2000) and BC01.
Signal-to-noise ratio characteristics
Our deconvolution code uses the continuum fit to each observed spectrum to represent the inverse variances used to weight the data in the least-squares problem. However, this is valid only when the data are photon, or near photon, noise limited, which is not the case for our observations of HK Aqr. Because of the late spectral type and faint apparent magnitude of the star, there are very few counts in the blue orders with the result that readout noise and extraction errors become important. Failure to account for this leads to overweighting of orders where the noise levels are high, resulting in a non-optimal S/N ratio in the least-squares profile. In addition, the ECHOMOP propagated variances were not reliable for low S/N data, which meant that they could not be used directly to weight the data. Instead, we have estimated the mean noise, σ m , in the central pixels of each echelle order by dividing the spectrum by a Gaussian (FWHM = five pixels) smoothed version of itself. The continuum fit to the spectrum was then scaled such that the variance in the same region, over which σ m was calculated, was equal to 1/σ 2 m . This method is not perfect because the edges of each order, where there are even fewer counts due to the blaze function, will still be given a weighting that is too high. However, a comparison of the errors propagated through the deconvolution with those estimated directly from the noise in the continuum of the deconvolved profile is consistent to within 10 per cent.
The line list used for deconvolution was obtained from the Vienna Line Data base (VALD; Kupka et al. 1999 ) for an atmosphere with T = 3750 K and log g = 4.5 cm s −1 . We selected lines with effective depths in the range 0.05-1.0 relative to the normalized continuum to carry out the deconvolution. Stronger lines such as Na I D, the Mg triplet, the hydrogen Balmer series (which are in emission), TiO bands and nearby lines were removed in addition to lines near strong telluric features. Some strong lines in the blue, which show extreme Lorentzian wings (as seen in the slowly rotating M1-2V standard star, Gl 825), were however used. The line which we use to represent the local, unbroadened profile for Doppler imaging is derived from the standard star by deconvolving with the same line list. Because this treatment is the same as for the HK Aqr spectra, the effect of stronger lines with broad wings will be the same in both spectra and should not affect the final image reconstructions. In this way, we are able to use as many lines as possible to boost the gain in S/N in the least-squares deconvolution.
There were between 5000 and 7000 lines in the wavelength range of the data sets obtained, but wavelength overlap of spectral orders resulted in an effective number of lines of between 11 400 to 17 000. The exact number of effective lines is given in Table 2 , in addition to the mean input and output S/N ratios and the gain. For the 2001 Table 2 . For each data set, the effective number of lines, mean input and output S/N ratio with 1-σ deviations and gain are given. The output S/N ratios and gain are for the line with mean depth, as calculated from the line list.
Data set
Eff. Table 3 . System parameters for HK Aqr with χ 2 = 1 errors.
2002
6.60 ± 0.04 6.06 ± 0.04
AAT spectra, the S/N ratios are given after removal of the solar spectrum.
Local intensity profile
We deconvolved the spectrum of the slowly rotating M1-2V star, Gl 825, to use as the local intensity profile for imaging, the shape of which we assume to be invariant across the stellar disc. The deconvolved profile is a convolution of instrumental Gaussian and stellar profile. However, the presence of some strong lines means that the deconvolved profile was best fitted by a Lorentzian rather than a Gaussian (or even Voigt) profile, with an equivalent width of 11.88 km s −1 . For the CTIO data, a mean spectral resolution of 9.14 km s −1 was measured from the mean arc linewidth in the echelle spectrum. Because the measured profile width of Gl 825, including instrumental profile, is 11.88 km s −1 , the stellar profile width is approximately √ 11.88 2 − 9.14 2 = 7.59 km s −1 . Because a slowly rotating star, with little or no rotational broadening, may be expected to show lines with FWHM 3 km s −1 , we generated a synthetic Lorentzian profile with width √ 9.14 2 + 3 2 = 9.62 km s −1 to use as the imaging line. This ensures that the maximum possible resolution can be extracted from the data set and gives 14.65 resolution elements (see Table 3 ) across the rotation profile of HK Aqr, allowing features of width 12.3
• to be resolved at the equator.
R E S U LT S A N D D I S C U S S I O N
System parameters
In BC01 we determined the system parameters for HK Aqr. Nevertheless, given the higher S/N ratio and greater number of spectra in the 2002 CTIO data set, we redetermined these parameters in order to check for consistency with the 1991 data. The values are tabulated in Table 3 and indicate reasonable agreement with our original results. The values for v r and v sin i are not however consistent within the χ 2 = 1 errors, indicating that other external errors have not been accounted for. It seems likely that with S/N = 250, the 1991 data are more susceptible to systematic errors, especially in the determination of the equatorial rotation velocity, v sin i. Although the Lorentzian local intensity mapping line was generated with zero velocity offset, we have not performed radial velocity corrections using a standard star. Instead we perform radial velocity corrections relative to telluric lines in the spectrum . Systematic variations may be exacerbated by differing star-spot distributions. Fig. 2 presents the phased time series spectra for HK Aqr from all the data sets. The mean profile (calculated by summing all profiles for each data set) has been subtracted from each individual profile to enable the star-spot features, which appear as white trails, to be distinguished. As can be seen, both the 2001 AAT and CTIO data sets are patchy, but the small region of overlap indicates consistent features over the span of the observations. The 2002 data sets cover approximately two-thirds of the complete phase on each of the four nights and, again, show consistent features in regions of overlap.
Images
Because of the patchy nature of the 2001 data sets, we reconstructed an image using all nights from both sites. However, while our imaging code is able to fit two data sets simultaneously, we find that a weighting factor must be introduced due to the differences in the number of spectra and the S/N ratio of the data sets. In this way, we are able to fit both data sets to a given χ 2 for the same number of iterations. The spectral profiles and maximum entropy regularized fits are shown in 
Reliability of reconstructed images
The reconstructions for individual nights in 2002 demonstrate good consistency between images from one night to the next. The phase coverage (indicated by the tick marks) on a given night should be considered when comparing pairs of images. In an attempt to minimize the differences between the images, especially in the regions lacking in phase coverage, we investigated the use of a default image. The image entropy is defined by
where f i is the spot filling fraction and m i is the default image of the ith pixel. Using the full data set for all nights, we derived an image similar to that shown in Fig. 7 , but with fewer maximum entropy regularized iterations. This ensured that the data were underfitted, giving an essentially blurred version of Fig. 7 with fewer small-scale features. In this way, we find that the image reconstructions only show differences if there is evidence for differences in the data. The resulting images (not shown) indicate that, on any given night, the features reconstructed in the regions of missing phase in Fig. 5 are not reliable. Arc-shaped features close to boundaries of observations in these images disappear in the images reconstructed with a default image. While the reconstructed spots remain consistent with the default image used in these regions of missing phase, other features in well-observed regions on any given night are consistent with the images of Fig. 5 where no default image was used, indicating evolution of star-spots.
Star-spot locations
Both data sets show spot activity at a range of latitudes. In the 2001 image, this activity, with three subpeaks is centred on ∼40
• , whereas in 2002 the equivalent distribution reaches a peak closer to 45
• in the combined image. By comparison, the 1991 image of HK Aqr shows features confined to a band at lower latitudes. As with the 2001 and 2002 images of HK Aqr, however, the 1996 image of EY Dra (BC01) also shows spots in a wide range of latitudes. Despite localized peaks in these images, we see a marked difference when compared with images of solar-type stars at earlier spectral type. In Barnes et al. (2001b) , we have shown that low-latitude features are seen in bands centred at different latitudes on different stars, and we have suggested that this is due to a stellar magnetic cycle, i.e we are effectively seeing snapshots of a stellar butterfly diagram.
The 2002 data differ mainly in that strong high-latitude star-spots are present. This is reflected by the large peak in the mean latitudinal spot filling at 80
• . Note that because rings of constant latitude occupy less physical area as we move towards the pole, a spot with constant area will result in an increased mean spot filling. In BC01, we found that only for significant overestimation or underestimation of the solar contribution can a polar spot be incorrectly modelled. However, high-latitude structure is also sensitive to the content of the central part of the rotationally broadened profile. Star-spot features close to the pole only occupy the central region of the profile, and those above the inclination angle of the system trace an s-wave through the centre of the entire time series. Subtraction of any foreign spectrum, in this case, the solar/lunar spike, will result in the loss of some information in that region, which partly explains the apparent lack of structure at high latitudes in the 1991 image and the 2001 image presented in this paper. This unfortunately means that we are unable to comment on the persistence or variability of high-latitude structure on the surface of HK Aqr.
At a S/N ratio of 250, the quality of the 1991 data set was considerably lower than those presented herein. A further reason for the lack of high-latitude structure in these images could be the result of star-spot features being lost in the noise. In order to determine whether features may have been unresolved in the 1991 data set, we degraded the S/N of the 2002 data to 250 and reconstructed an image. As can be seen in Fig. 7 (bottom), despite differences in star-spot shapes due to S/N effects, the map is almost identical to the higher S/N map, except that there is significant suppression of the two circum-polar features. It seems likely that the 1991 data set, and to some extent the 2001 data set, do therefore suffer from a bias of features reconstructed only at lower latitudes.
Polar spots
Despite some loss of high-latitude information, there is no evidence for the flat bottomed profiles, associated with a significant polar spot, in either the 1991 or 2001 data sets. Additionally, the 2002 CTIO image, which did not require removal of a solar/lunar spectrum, does not show uniform spot filling in the polar regions. The light grey filling at high latitudes in the 2002 images is due to smearing between the two spots, an effect seen between all spots, but exaggerated at the poles by the Mercator projection. Unlike images of many latetype stars, we are therefore confident that HK Aqr does not possess a polar cap at any of the observed epochs.
Given the preponderance of polar spots in late-type rotators of all spectral classes (Strassmeier 2002) , it is intriguing that sets of images of HK Aqr and its northern hemisphere twin, EY Dra (RE 1816+541; BC01) do not appear to possess strong, cool polar features. In the solar case, polar activity may be the result of the advection of flux to the poles after emerging at low and intermediate latitudes. The leading polarity in a bipolar spot group tends to emerge nearer to the equator than the trailing polarity. Both polarities are subject to poleward meridional flows, although the polarity nearer to the equator is more likely to reach the equator as a result of its random walk. There it may cancel against opposite polarity or continue towards the opposite pole. The result is a small excess of the trailing polarity in each hemisphere which reaches the pole. By simulating a star 10 times more active than the sun, Schrijver & Title (2001) found that the higher rate of flux emergence resulted in the development of polar caps. In contrast, a distributed α 2 dynamo is believed to be at work in fully convective stars, where we can expect the appearance of flux at all latitudes and no definite long-term cycles (Küker & Rüdiger 1999) . Because regular longer cycles are required to allow flux of a given polarity to build at the poles (Schrijver & Title 2001) , it may simply be that irregular or weak magnetic cycles do not allow the growth of large spots in these regions.
The form of the stellar dynamo, however, remains unclear. The spectral type of HK Aqr suggests a star which is not fully convective and it is therefore possible that a combination of solar-type and distributed dynamos play a roll in determining the form of magnetic activity. Despite spots being observed at all latitudes in the images of HK Aqr, the evidence for preferred latitudes, as suggested by solartype dynamos and observed in the mean spot filling plots in Figs 5 and 7, may not be statistically sound. The difference in morphology between the mean spot filling curves in Fig. 5 , due to sampling of different parts of the orbit, confirms this suggestion. Only longerterm or constant monitoring, which would give a greater number of surface maps, could resolve this issue.
Poleward flows or magnetic evolution?
Possible poleward movement of two well-defined spots appears to take place on HK Aqr during the span of the 2002 observations. The first spot, located at phase 0.725 and latitude 39
• on July 30, appears to drift northwards and is seen at 47
• on July 31 and 55
• on August 02. Similarly, the larger spot at phase 0.2 and latitude 43 • on July 31 is seen again at latitude 49
• on August 01. Assuming a stellar radius of 0.45 R for HK Aqr, the measured drift rate of 5.5
•
implies a surface flow of 347 m s −1 . The question of whether meridional circulation is responsible must be posed. The solar meridional flow is believed to be very small, with a magnitude of ∼10 m s −1 towards the pole. For instance, Komm, Howard & Harvey (1993) found poleward flows from Doppler measurements, peaking at 10-15 m s −1 . Similarly, using Solar and Heliospheric Observatory/Michelson Doppler Imager (SOHO/MDI) data, Basu, Antia & Tripathy (1999) also found a latitude-dependent rate, peaking at 30
• with a value of close to 20 m s −1 . From a theoretical standpoint, Kitchatinov & Rüdiger (1999) found only 10 m s −1 flows for a K5 dwarf with a 1-d axial rotation period, using their mean field hydrodynamical model, although the equatorward flow of 5 m s −1 in the solar case does not tie in with observation. Through consideration of the solar eddy viscosity, Rüdiger, Küker & Chan (2003) were able to obtain values close to those observed, but no predictions for high rotation were made. A 10 m s −1 drift rate is equivalent to 0.07
on an M dwarf such as HK Aqr. The measured 347 m s −1 , if attributable to meridional flows, therefore seems unreasonably large.
The meridional flow is driven mainly by temperature differences and the gradient of the rotation rate (in the rotation axis z-direction), but, as will be seen in Section 3.7, we observe no significant surface differential rotation. It may therefore be that, for stars approaching or beyond the fully convective limit, meridional flows are also suppressed. Additionally, we note that the images of HK Aqr do not show drift along meridians for all spots. We have already suggested, from tests using default images, that there is evidence in the data for spot evolution. We are therefore confident that the movement of spots, to some extent, is real and not a consequence of the image entropy regularization interpreting the data differently from night to night. Inspection of the grey-scale time series spectra (Fig. 2) , however, reveals that the faint star-spot trail responsible for the spot at phase 0.725 is sampled by noisy profiles on July 30 and August 02. It is therefore not possible to rule out the possibility a misdetermined gradient, and hence spot latitude, for this feature. There is, however, no similar issue with the second spot observed at phase 0.2 on July 31 and August 01.
If the apparent poleward movement of some spots is real, it may simply be the consequence of evolving magnetic field rather than surface flows. It is clear that measurements of this nature require consistently high-quality data and observations at several closely separated epochs so that star-spot evolution does not bias measurements. Uncertainty of star-spot locations at low latitude, especially in high-inclination stars such as HK Aqr, also means that only intermediate latitude spots can be used to track poleward or equatorward flows. As such latitude-dependent meridional flows may be better studied in data space by extending matched filter techniques (Collier Cameron, Donati & Semel 2002) to search for the telltale changes in gradient of individual star-spot trails.
Differential rotation
Long-term magnetic cycles are known to exist on many late-type single stars. The Mount Wilson survey is the longest running project which has successfully measured cyclic periods using Ca II H & K lines (Wilson 1978; Baliunas et al. 1995) . More recently, long-term seasonal photometric periods for several solar-type stars (Messina & Guinan 2002) have also revealed changes in period from one epoch to the next. Both surveys interpret this change in rotation period as the result of active regions or star-spots changing latitude on a differentially rotating star during a stellar magnetic cycle. By making assumptions about the latitude range of star-spots over such a cycle, based upon the solar paradigm, it is possible to obtain estimates of the surface differential rotation.
Without the ability to resolve the surface features at a given epoch, the above model is impossible to verify independently; it is unclear whether the assumptions about the latitudes at which star-spots appear are correct, for example. For rapid rotators, however, because we can derive surface temperature distributions independently of such restrictions, images at closely separated epochs can be compared directly. Cross-correlation of constant latitude strips in pairs of images, using star-spots as tracers, was successfully applied to the K1 dwarf, AB Dor, by Donati & Collier Cameron (1997) , who found a near solar differential rotation rate. Alternatively, following the example of Donati et al. (2000) , we incorporated differential rotation into our Doppler imaging code in an attempt to measure the surface rotational shear on HK Aqr and EY Dra (BC01). In BC01, we were only able to place an upper limit on the differential rotation in that the equator-lap-pole time must be greater than 34 d.
Using the CTIO 2002 data, we have performed a similar grid search for the two differential rotation parameters, according to the solar-type latitudinal-dependent rotation law:
For each pair of 0 and , we perform a fixed number of iterations and record the final χ 2 value. Because the χ 2 landscape is not uniform, we fit a parabola to all the values of for each value of 0 . Any χ 2 deviations from this parabolic fit are the result of fitted profiles which vary more than expected from one pair of differential rotation parameters to another. This is probably introduced by the finite size of the entropy steps in the regularization, and inability of the fitting process to give a smoothly varying image for smoothly varying differential rotation parameters. We then perform a linear interpolation to obtain a more finely sampled χ 2 grid from which we can obtain a minimum value. The resulting grey-scale χ 2 landscape is shown in Fig. 8 , revealing correlation of the two parameters in the form of a two-parameter ellipsoid. Various contours are plotted as indicated, and the 1-σ , one-parameter errors are indicated by the This observation is in agreement with the models of Kitchatinov & Rüdiger (1999) , which predict a small amount of differential rotation for a rapidly rotating G2 star, further decreasing as we move to later spectral type.
Because φ = 0.00077 d −1 is equivalent to 0.28 • d −1 and the pixels in our grid search were 2.5
• across, the result is consistent with zero differential rotation.
The high axial inclination of HK Aqr may be one factor which acts to bias the measured surface shear to low values. It can be seen that all the images show significant smearing of features at low latitudes. The star-spot trails for these features, which depend on the cosine of latitude, show little variation in gradient near the equator. This yields a greater uncertainty in the position of a star-spot, which manifests as a smearing of the feature in the reconstructed image. This smearing in turn can act to reduce the apparent amplitude of latitude dependent rotation.
C O N C L U S I O N
We have presented images of HK Aqr at two epochs separated by an 11-month interval. The morphology of spots from one season to the next remains relatively consistent. Star-spots are seen at a range of low and intermediate latitudes at both epochs, showing similar patterns to the M1-2 dwarf, EY Dra (BC01). At none of the observed epochs, including the 1991 images (BC01), is there evidence to suggest a significant polar spot, despite selection effects due to low S/N and solar/lunar spectrum removal.
In this paper, we have obtained a significant improvement on our initial estimate of the differential rotation of HK Aqr. Previously, we were only able to state that differential rotation, if present, was less than = 0.1868, the equivalent of the equator lapping the poles once every 34 d. The improved S/N and sampling on four consecutive nights in the 2002 CTIO data has enabled us to constrain the equator-lap-pole time of −1449 to +448 d. While this clearly does not exclude differential rotation, we argue that given the 12
• surface resolution and model pixel size of 2.5
• our result implies near solid body rotation.
From observation of the data alone, it is clear that there are fewer resolved star-spot features than seen in some of the best imaging data sets. It is entirely probable that this is a selection effect and is due to S/N and resolution constraints, which only higher spectral resolution and larger, or more efficient, telescope/spectrograph combinations will be able to shed further light upon. If we are to observe these stars in greater detail, or M dwarfs with later spectral type, we will need to make use of these facilities. Deconvolution using spectral templates (Barnes 2004) , or improved line lists for cool stars with molecular opacities, will also be crucial if we are to maximize the information content of echelle spectra of M dwarfs.
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